Because of its high binder content and severe construction environment, early-age cracking is one of the most important threats to concrete used in continuous box-girder bridge structures. In this study, controlled permeable formwork (CPF) liner was used to mitigate the early-age shrinkage and reduce the early-age cracking risk of box-girder concrete. Early-age shrinkage was measured by a noncontact method and started at 30 min after adding mix water until 7 d. Internal relative moisture content and pore distribution tests were also carried out to reveal the working mechanism of CPF liner. e results show that covering the concrete surface with CPF liner decreased early-age shrinkage significantly. Under the temperature of 20°C and the relative humidity of 60%, two-surface-covering and three-surface-covering CPF liner on concrete decreased the shrinkage by 44% and 48%, respectively, at 7 d compared with concrete without CPF liner covered on it. e main reason is that CPF liner enhanced the internal relative moisture content and resulted in better performance of the surface concrete.
Introduction
Continuous box-girder bridge structural systems have been widely used and developed rapidly all over the world. Normally, the concrete used in continuous box-girder bridge structures needs a high slump value due to complex construction methods and its high compressive strength. Furthermore, most of the continuous box-girder bridges service in valleys and gorges where they are quite windy. Because of the high binder content of box-girder concrete and severe service environment, early-age cracking of concrete is an important risk which threats the safety and durability of continuous box-girder bridge structures.
Numerous techniques have been proposed to mitigate early-age shrinkage and cracking, such as optimizing concrete mix proportion [1] , blending shrinkage-reducing agent or expansive agent [2, 3] , applying internal curing with super absorbent polymer (SAP) or light-weight aggregate [4, 5] , and moist curing [6] . Moist curing is one of the most effective methods to inhibit early-age shrinkage and cracking; however, it is not always suitable to cure the box-girder concrete. Moist curing is normally applied in the form of water spraying, ponding, or damp covering. It is difficult to cover the outer surface of the bottom plate damply, and the frequent wind in the service environment makes water spraying not feasible.
Controlled permeable formwork (CPF) liner is an effective technology that reduces the sensitivity of the concrete to poor site curing and improves the quality of cover concrete [7] . A lot of studies have been carried out to investigate the improvement of appearance, surface hardness, mechanical performance, and durability properties of concrete caused by the utilization of CPF liner. e improvement of surface appearance has been confirmed [7] [8] [9] [10] [11] [12] [13] [14] . e surface of concrete cast with CPF liner had a smooth and darker surface without any visible defects. Figueiras et al. [7] , Law et al. [8, 14] , Kothandaraman and Kandasamy [10, 11] , and Liu et al. [15] found that surface hardness, water absorption by capillarity, wear resistance, and abrasion resistance of concrete casted with CPF liner was significantly higher than the same concrete cast traditionally. Adam et al. [13] and Law et al. [14] revealed that CPF liner increased the surface properties of concrete significantly, while the improvement on bulk properties of the concrete, including resistivity, ultrasonic pulse velocity (UPV), and surface hardness, was limited. Kothandaraman et al. [12] confirmed that CPF liner had the same efficiency on self-compacting concrete. Adam et al. [13] and Law et al. [14] reported that not only ordinary Portland cement concrete but also concrete blending fly ash and blast furnace slag could be improved by CPF liner.
Contrast with lots of research focused on the effect of CPF liner on the quality and durability of cover concrete, almost no attention has been paid on its effect on early-age shrinkage and cracking resistance of concrete. In order to discuss the feasibility of using CPF liner to inhibit early-age cracking risk of box-girder concrete, this paper investigates early-age shrinkage of concrete cast with CPF liner under different environment conditions. Internal relative moisture content and pore distribution are also tested to reveal the working mechanism of CPF liner.
Materials and Methods

Materials.
Concrete was produced using P.O 42.5 cement conforming to the Chinese standard GB 175-2007. Its specific surface area was 340 m 2 /kg, specific gravity was 3.04 g/cm 3 , initial and final setting time was 138 min and 220 min, respectively, and compressive strength at 3 d and 28 d was 25.3 MPa and 46.0 MPa, respectively. River sand with a specific gravity of 2.68 g/cm 3 and fineness modulus of 3.0 was used, and the percentage of particles smaller than 80 μm was 1.9%. Crushed limestone aggregate with a maximum size of 20 mm and a specific gravity of 2.72 g/cm 3 was used. Tap water was used to mix the concrete. Polycarboxylate superplasticizer was used to achieve a desired slump. e unit weight of CPF liner was 380 g/cm 2 , and the thickness was 1.04 mm. e mix proportions of concrete are presented in Table 1 . e slump was 215 mm, and the slump flow was 500 mm. e compressive strength of concrete at 3 d and 28 d was 44.8 MPa and 72.4 MPa, respectively.
Experiment Design.
ree series of specimens were tested in this paper. In Series 1, concrete was cast in impermeable moulds (steel mould). In Series 2, two lateral surfaces of the moulds were covered with CPF liner. In Series 3, CPF liner was used to cover the bottom surface and two lateral surfaces of the moulds. Figure 1 demonstrates the paste method of CPF liner.
Early-Age Shrinkage Test.
Early-age shrinkage was measured using a noncontact method. Concrete was poured into moulds with a dimension of 100 mm × 100 mm × 515 mm. To limit friction and seal joints, the inner walls of specimen moulds were coated with Teflon tapes and mould surfaces were covered with two layers of plastic sheet. A plastic probe was placed in the end of the specimen, and then, a noncontact laser transducer was used to record the linear movement of the plastic probe. e experimental set-up is illustrated in Figure 2 [16]. Moulds were filled with concrete in two layers and compacted on a vibrating table until no air appeared at the surface. Immediately after casting, specimens were subjected to four different environment conditions (20 ± 2°C/60 ± 5% RH, 20 ± 2°C/80 ± 5% RH, 30 ± 2°C/60 ± 5% RH, 30 ± 2°C/80 ± 5% RH). Plastic shrinkage measurements were started at 30 min 2 Advances in Materials Science and Engineering after adding mix water and recorded automatically every 10 min on a computer until 7 d.
Internal Relative Moisture Content
Test. e internal relative moisture content of concrete was measured by a method using electrodes proposed by Ichise et al. [17] . Electrical resistance was measured by embedding a miniature electrode array in the specimens. e probe comprised six electrode pairs mounted on a small Plexiglas former, and each electrode consisted of a stainless steel pin (1.5 mm diameter) which was sleeved to expose a 2 mm tip; in each electrode pair, the pins had a centre-to-centre spacing of 5 mm. e pairs of electrodes were positioned at 5, 10, 20, 30, 40, and 50 mm from the exposed surface. e resistance between pairs of electrodes was measured by an LCR meter, with an impressed voltage of AC 1 V, and a frequency of 1 kHz was selected [18] . e calibration tests to estimate the relative moisture content by electrical resistance were carried out according to the method described in [19] .
Specimens with a dimension of 150 mm × 150 mm × 200 mm were casted. When CPF liner was used, the electrical probes were mounted on the surface covered by CPF liner (Figure 3 ).
Mercury Instrusion Porosimetry (MIP).
For MIP tests, the concrete was cast in cubic moulds with a side length of 100 mm. e specimens were exposed at 30 ± 2°C and 60 ± 5% RH for 3 days. A small sample with a volume of around 8 × 8 × 8 mm 3 was collected from the lateral surface of each cubic specimen. Subsequently, the small samples for MIP tests were immersed in ethyl alcohol for 24 h to avoid any possible hydration. Afterwards, the samples were dried at 45°C in a vacuum oven until a constant mass was obtained. e MIP test was conducted on a Micromeritics Autopore Mercury Porosimeter IV 9500 with 50000 Psi pressure.
Results and Discussion
Early-Age Shrinkage.
e early-age shrinkage of three series of specimens, no CPF liner, two lateral surfaces with CPF liner, and three surfaces (including two lateral surfaces and the bottom surface) with CPF liner, was measured under different environment conditions. Figures 4(a)-4(d) show the shrinkage development of concrete samples under different temperature and relative humidity. In the legend, NTY presents concrete without CPF liner, BMY and TMY means two-surface-covering and three-surface-covering concrete, respectively, with CPF liner separately.
Plastic shrinkage of all specimens shows a similar developing trend regardless of the environment condition and the covering method of CPF liner. In the first hours, plastic shrinkage increased drastically followed by a short steady period, and then, it climbed gently until the end of the testing duration. e development of plastic shrinkage could be divided into three phases, the sharp-grow phase (Phase I), the slight fluctuation phase (Phase II), and the gentle-increase phase (Phase III). e Phase I duration of samples covered by CPF liner was quite different from that of concrete without CPF liner. When there was no CPF liner covered on the surfaces, the dramatic growth phase (Phase I) lasts for around 10 to 12 hours, while the Phase I duration of samples covered with CPF liner was only about 5 to 7 hours. For the same environment condition, the shrinkage rate in the first phase was almost the same for all the samples without CPF liner and with two or three surfaces covered by CPF liner. e environment temperature and relative humidity had significant impact on the shrinkage rate in the first phase. Comparing the four figures, it could be noted that the shrinkage rate in Phase I increased with the increase of temperature and decreased with the increase of relative humidity because higher temperature and lower relative humidity resulted in a higher water evaporation rate. Shrinkage in the first phase was mainly caused by bleeding and settlement of plastic shrinkage [20, 21] . e increased shrinkage rate of samples with and without CPF liner was identical under certain environment conditions because the samples under the same temperature, relative humidity, and wind speed had the same water evaporation rate.
Some volume swelling was found in the slight fluctuation phase (Phase II).
is phenomenon was also noticed in previous research [20, 22, 23] . Zhang et al. [23] reported a maximum swelling strain of 70 μm/m and 250 μm/m for C30 and C80 concrete, respectively. Kucharczyková et al. [20] found that the swelling phenomenon in the early age was strongly dependent on the cement content and water-tocement ratio of concrete. ey attributed the swelling phenomenon partially to thermal expansion induced by the hydration heat and principally to the reabsorption of free water after the transformation of concrete from a plastic to a solid state. During the compaction period, water tends to migrate to the surface of concrete. In the present investigation, much water in the fresh concrete was absorbed by the CPF liner. So, the swelling degree of concrete covered with CPF liner was higher than that with no CPF liner. e reabsorption of water stored in the CPF liner was the most important reason. In the third phase, the increasing rate of shrinkage declined markedly. Contrasting with the total shrinkage, the strain rate of the samples covered with CPF liner was obviously higher than that without CPF liner cover, and the rate of shrinkage of the latter was greater. From Figure 4 , it is obvious that the total shrinkage at 7 d of the specimen without CPF liner is much higher than those with CPF liner. e early-age shrinkage increased with the increase of temperature and decrease of relative humidity because the water evaporation rate was increased.
Increasing temperature or decreasing relative humidity of the environment results in the increase of early-age shrinkage because water evaporation becomes more serious. Covering CPF liner on the concrete surface could decrease early-age shrinkage effectively, and three-surface-covering performed better than two-surface-covering. Under the temperature of 20°C and the relative humidity of 60%, twosurface-covering and three-surface-covering CPF liner decreased the shrinkage at 7 d by 44% and 48%, respectively.
Internal Relative Moisture Content.
e internal relative moisture content of concrete was recorded once a day, and the results are presented in Figures 5 and 6 .
It could be found in the figures that the internal relative moisture content decreased with the prolongation of concrete age, and the relative moisture content close to the surface was remarkably lower. of 5 mm was lower than 80%, while the value at the depth of 20 mm was higher than 85%. e results indicated serious water loss on the surface concrete, which led to imperfect hydration, coarser pores, and higher porosity. More details about the pore distribution results are presented in Section 3.3. CPF liner can absorb free water from plastic concrete, and then, the absorbed water could be released afterward during the drying period to improve the hydration of surface concrete. e internal relative moisture content of concrete with two surfaces or three surfaces covered by CPF liner was presented in Figures 5(b) , 5(c), 6(b), and 6(c). At 20°C and 60% RH, the internal relative moisture content at the depth of 5 mm was 77%, 83%, and 85%, respectively for concrete without CPF liner, with two surfaces and three surfaces covered by CPF liner. Under the same environment condition, the value at the depth of 20 mm was 88%, 88%, and 89%, respectively. It is clear that CPF liner could reduce water loss and improve performance of surface concrete, and the effective coverage of CPF liner was lower than 20 mm. Owing to the water storage effect of CPF liner, a higher internal relative moisture content of concrete was achieved, and it resulted in lower early-age shrinkage.
Mercury Intrusion Porosimetry (MIP).
e pore size distribution of concrete without CPF liner (NTY) and with two surfaces covered by CPF liner (BMY) was measured by mercury intrusion porosimetry (MIP). Moreover, the MIP results were also employed to analyze Advances in Materials Science and Engineering the porosity and the average pore size of each sample. e experimental results are presented in Figure 7 and Table 2 . Figure 7 (a) presents integral curves of pore size distribution, and Figure 7 (b) shows derivative of the cumulative pore volume with respect to the logarithm of the pore diameter. From Figure 7 (a), it could be found that the integral curve of concrete with CPF liner was much lower than that of concrete without CPF liner, when the pore size was larger than 100 nm. However, the two curves reached similar value at the end. It means, two samples had almost the same porosity, and more coarse pores were found in the concrete without CPF liner. As presented in Table 2 , the porosity of concrete without CPF liner and with two surfaces covered by CPF liner was 10.6% and 10.0%, respectively, while the average pore diameter of the two samples was 40 nm and 32 nm, respectively. According to Figure 7 (b) and Table 2 , there were a lot of pores with a diameter of 10∼100 μm in the concrete without CPF liner, but these pores were eliminated by the application of CPF liner. In contrast, much more pores with a diameter less than 10 nm (gel pores) were formed in the concrete covered by CPF liner. Liu et al. [15] found similar results, and they concluded that the effective working zone of CPF liner was lower than 5 mm. e formation of more gel pores suggested higher hydration degree in the concrete covered with CPF liner, which was benefited from the water storage and release from CPF liner during the drying stage.
Conclusions
From the results obtained in the present investigation, the following conclusions are drawn:
(1) CPF liner covered on the surface of concrete mitigated early-age shrinkage effectively. Under the temperature of 20°C and the relative humidity of 60%, two-surface-covering and three-surface-covering CPF liner decreased the shrinkage at 7 d by 44% and 48%, respectively, comparing with concrete without CPF liner covered on it. (2) CPF liner significantly improved the internal relative moisture content of surface concrete. At 20°C and 60% RH, the internal relative moisture content of concrete at the depth of 5 mm was 77%, 83%, and 85% respectively for concrete without CPF liner, with two surfaces and three surfaces covered by CPF liner. e higher internal relative moisture content led to further hydration degree and lower early-age shrinkage value. It should be noted that the effective depth of CPF liner was lower than 20 mm. (3) Covering concrete with CPF liner did not decrease the porosity of concrete significantly, but much more pores with a dimeter less than 10 nm (gel pores) were formed owning to the use of CPF liner. e average pore diameter of the two samples, without and with CPF liner covering on concrete surface, was 40 nm and 32 nm, respectively. 
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